Canaries ( Serinus canaria ) were kept singly in cages placed in an artificially illuminated, soundproof cabinet. Perch-hopping activity was recorded by means of a computer system. In three series of experiments, the activity rhythms of the birds were entrained to 24 hr by light-dark (LD) cycles with 4, 12, or 20 hr of light (L), respectively. The intensity of illumination was 10 lux in L and 0.25 lux in darkness (D). Under LD 4:20 and 12:12, the intensity of D was increased daily at the same zeitgeber time to 1 lux for 1 hr (L pulse) during about 8 consecutive days. This sequence was followed by 8 days without L pulses before giving another series of L pulses at a different zeitgeber time. Under LD 20:4, the intensity of L was decreased to 1 lux for 1 hr (D pulse). The activity of all birds was more or less increased by the L pulses (positive masking) and decreased by the D pulses (negative masking). The level of masking activity during the L and D pulses depended on the circadian phase at which the pulses were administered. Positive masking by L pulses was minimal about 5 hr after the beginning of D, and increased steadily thereafter. Negative masking by D pulses was maximal at the beginning and the end of L, and minimal during the middle.
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An external signal that is capable of entraining a circadian rhythm primarily sets the phase of the pacemaker's oscillation, but may also affect the overt rhythm in a more direct way, with or without a relationship to the process of entrainment. Such direct effects obscure the state of the rhythm as controlled by the pacemaker, and hence have been designated as &dquo;masking&dquo; (Aschoff, 1960) . Masking effects were first described for light (L), which, in a day-active species, enhances activity (positive masking), while darkness (D) suppresses it (negative masking).
Step changes in L intensity usually result in masking, as exemplified by the actograms of sparrows (Passer domesticus) exposed to repeated pulses of L (Binkley and Mosher, 1985) . Masking occurs independently of whether such pulses are superimposed upon an entraining light-dark (LD) cycle, or applied to a free-running rhythm without entraining it (cf. Fig. 3 in Enright, 1965) .
Sporadic observations indicate that the effectiveness of masking stimuli depends on circadian phase, as shown in rats for the effects of 1-hr D pulses on sleep stages (Borbely, 1975) and on feeding and drinking (Borbely and Huston, 1974) , and in the brown bullhead (Ictalurus nebulosus) for the effects of 15-min D pulses on locomo-tion (Eriksson and van Veen, 1980) . In hamsters, kept in constant dim illumination and exposed daily to a 2-hr D pulse, activity was enhanced when the pulses coincided with the activity time of the animals, but remained more or less unaffected during rest time (Aschoff and von Goetz, 1988a) . The present paper describes such phase dependence of masking effects in the activity rhythms of canaries (Serinus canaria).
METHOD
Female canaries (of unknown age) were purchased early in February from a dealer who had kept the birds under natural photoperiodic conditions. It can be assumed that at this time of the year the gonads were still regressed, but no laparotomy was made to ascertain the reproductive state. In the laboratory, the birds were kept singly in cages that were placed in racks within a soundproof, artificially illuminated cabinet. The electric impulses from perch-hopping activity were fed into a computer for further analysis-for example, to extract hourly values of activity and to generate actograms (see Figs. 1 and 5, below).
In three series of experiments, the activity rhythms of the birds were always entrained to 24 hr by the following LD cycles: first series, LD 12:12 (8 birds); second series, LD 4:20 (12 birds); third series, LD 20:4 (10 birds). In all LD cycles, the intensity of illumination (as measured by a multiflex galvanometer; Dr. B. Lange) was 10 lux during L and 0.25 lux during D. Under LD 4:20 and 12:12, the light intensity during D was increased from 0.25 to 1.0 lux for 1 hr (L pulse), and under LD 20:4 the light intensity during L was decreased from 10 to 1.0 lux for 1 hr (D pulse). In each experiment, L and D pulses were given in a sequence of 7-9 days, always at the same zeitgeber time. Each of these sequences was followed by about 8 days without pulses before another series of pulses was presented at a different zeitgeber time. In LD 12:12, L pulses were given at 10 different phases from zeitgeber time 13 to 22 (with zeitgeber time 00 corresponding to lights-on); in LD 4:20, L pulses were given at 11 phases from zeitgeber time 5 to 22; in LD 20:4, D pulses were given at 10 phases from zeitgeber time 2 to 16. Data of birds with incomplete records due to technical failures were excluded from the final analysis. Hence the number of birds whose data could be averaged was reduced to eight in the experiment with LD 4:20, and to six in the experiment with LD 20:4.
RESULTS

L PULSES .
Typical actograms from two birds are presented in Figure 1 . In both the short photoperiod (LD 4:20, left) and the long photoperiod (LD 12:12, right), the birds were more or less continuously active during L, and at rest in D. Onsets and ends of activity were sharply marked at the times of lights-on and lights-off, indicating negative masking effects of D. Logically, positive masking by L could also have been involved and cannot be ruled out. In addition, activity was released to various FIGURE 1. Activity rhythms of two canaries kept in LD 4:20 (left) and LD 12:12 (right), and exposed to three sequences of 1-hr L pulses (rectangles; 1.0 lux). degrees during the L pulses (see the rectangles in Fig. 1 ). Pulses administered toward the end of D resulted in high levels of activity; those given earlier resulted in little if any activity. This dependence on phase becomes more evident in the patterns of activity from four birds, reproduced in Figure 2 . L pulses administered shortly after the onset of D had little or no effect, whereas pulses occurring later in the subjective night released a steadily increasing amount of activity. Similar results were obtained in the birds kept under LD 4:20, as illustrated in Figure 3 .
In a further step of analysis, the amount of activity recorded during a pulse was expressed as a percentage of the hourly mean activity of each individual bird. These data, averaged from eight birds under LD 4:20 and from eight birds under LD 12:12, are shown in Figure 4 as a function of zeitgeber time. In both series of experiments, the amount of activity released by the L pulses was small or decreasing during the first few hours of D, and increased steadily thereafter toward the end of D. (If, instead of percentages, the absolute values of activity had been used for computation, the patterns of the curves a and b as drawn in Fig. 4 would, in principle, remain unaltered, but the variance would increase drastically because the individual means of hourly activity differed among the birds by several orders of magnitude.) FIGURE 2. Patterns of activity in four canaries kept in LD 12:12 and exposed to 1-hr L pulses at five different circadian phases.
Under LD 4:20, the degree of masking was higher than under LD 12:12. Partly, if not mainly, this was due to the fact that in the short photoperiod the birds were less than half as active than in the long photoperiod: the mean hourly activity, expressed in arbitrary units, was 29 in LD 4:20, and 69 in LD 12:12. On the other hand, it must be assumed that the birds were in different physiological (reproductive) states in the short and long photoperiods (Storey and Nicholls, 1976) , and hence may have been differentially sensitive to the L pulses. Data in support of such a hypothesis have not yet been published.
D PULSES
The actograms of two birds, exposed to three different sequences of D pulses, are shown in Figure 5 . It is evident that the degree to which activity was depressed during a D pulse depended on the circadian phase. This is illustrated in more detail in Figure 6 by the patterns of activity from one bird, averaged over the days with and those without pulses. Data like those shown in Figure 6 allowed the computation of the mean amount of activity produced by a bird during a particular hour, either with or without a D pulse. The results of such computations from the records of two birds are reproduced in Figure 7 .
As can be seen, there was always less activity during the D pulse than when no pulse was given at the same time, but the extent to which activity was depressed FIGURE 3. Patterns of activity in four canaries kept in LD 4:20 and exposed to 1-hr L pulses at three different circadian phases. depended on circadian phase. To obtain a measure for this depression, the amount of activity recorded during a D pulse could be expressed as a percentage of the amount of activity recorded during the same zeitgeber hour without a pulse. Data obtained in this way and averaged from the records of six birds are shown in Figure  8 as a function of zeitgeber time. D pulses suppressed activity by 80-90% at the beginning and again at the end of activity time, whereas 6-8 hr after lights-on, activity was depressed only by about 50%. Thus D pulses, like L pulses, had masking effects that were phase-dependent.
DISCUSSION
The results obtained with L and D pulses demonstrate that masking of activity depends on circadian phase: The enhancing effect of L is minimal a few hours after the beginning of rest time, and the depressive effect of D is minimal at about the middle of activity time. Furthermore, the effects of the D pulses match the definition of negative masking. In contrast, the release of activity during the L pulses may be due to a removal of negative masking by D, and hence could be called &dquo;unmasking.&dquo; Support for such an interpretation comes from the records of those birds that in the second half of D showed small amounts of activity even when no pulses were given, suggesting that the &dquo;true&dquo; onset of activity is negatively masked by D (see Fig. 3 ). However, additional positive masking is apparently also involved in the effects of L pulses. As can be seen in Figure 3 , L pulses (with an intensity of 1 lux) administered at the end of D resulted in an amount of activity that could surpass that recorded shortly afterwards in 10 lux.
To strengthen this point, the data on which curve a in Figure 4 is based have been expressed as percentages of the activity recorded during the first hour of the main photoperiod. The inset in Figure 4 demonstrates that masking activity during L pulses could reach a level more than twice that of the &dquo;spontaneous&dquo; activity at the beginning of activity time. It does not seem likely that pure &dquo;unmasking&dquo; could give similar results. The most plausible explanation is that the effects of L pulses represent a combination of unmasking and positive masking.
In this context, attention should be paid to the fact that L and D pulses as used in these experiments had the same intensity of illumination (1 lux). Nevertheless, more activity was recorded, on the average, during L pulses than during D pulses. It is of considerable interest that the amount of activity recorded in 1 lux of a D pulse FIGURE 5. Activity rhythms of two canaries kept in LD 20:4 and exposed to three sequences of 1-hr D pulses (rectangles; 1.0 lux). was always less than that recorded in 10 lux, whereas the amount of activity recorded in 1 lux of an L pulse could be far above the 10-lux level. It seems that the effectiveness of a masking stimulus does not depend only on the absolute intensity of illumination (Albers et al., 1982) , but also on the relative change in intensity and its sign.
A dependence on circadian phase was first described in the brain temperature of chickens that were kept in LD 1 : (10:0.5 lux). The increases in temperature due to the 1-hr L pulses had a bimodal distribution, with maximal increments during the rising and the falling slope of the circadian rhythm (Aschoff and von Saint Paul, 1976) . In the body temperature of squirrel monkeys, a maximal response to light was found 0.5 hr prior to the circadian maximum of temperature (Gander and Moore-Ede, 1983 ). Other stimuli (e.g., ambient temperature) show similar phase dependencies of their masking effects (Hoffmann, 1969) . This even applies to stimuli that are not capable of entraining the circadian pacemaker, as in the case, for example, of periodic restricted feeding in squirrel monkeys (see Fig. 3 in Aschoff and von Goetz, 1986) and of a 3-hr daily exposure of male hamsters to females (Aschoff and von Goetz, 1988b) . The dependence on phase might mean that the signals eliciting masking are transmitted to the overt rhythm via the pacemaker. On the other hand, peripheral systems that are under the control of a pacemaker could respond to masking signals in a circadian fashion, even if the signals have not passed through the pacemaker. In any case, the presence of a pacemaker does not seem to be imperative for masking. Sisk and Stephan (1982) have recorded sleep stages in rats under the influence of LD 0.5:0.5 before and after lesioning the suprachiasmatic nuclei (SCN). In four out of eight animals with complete lesions, sleep with rapid eye movements (REMs) was as strongly masked by D as in intact animals. In SCN-lesioned hamsters that did not generate free-running drinking and activity rhythms, a robust diurnal inactivity was observed in LD 12:12 (Zucker et al., 1976) ; this was described by the authors as a &dquo;passive&dquo; inhibitory effect of light on wheel running. Similarly, drinking in SCNlesioned squirrel monkeys has been found to be confined to 6 hr of brighter L in L:Ldim 6:18 (Albers et al., 1981) . These results indicate that masking signals can reach the overt rhythm without having passed through the pacemaker. Hence, it cannot be expected a priori that, in intact animals, masking effects should be related to characteristics of the pacemaker such as a phase response curve. Speculations on this issue have to wait until a more detailed analysis of masking mechanisms is available.
